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EXPERIMENTAL MAGNESIUM DEPLETION"**t
I have both coveted and feared this opportunity to deliver the John P. Peters
Lecture. Coveted it since, as a student of his, I wish to do him honor; and
feared it since, as a student of his, I know I will not satisfy his requirements
for excellence. Dr. Peters eschewed long introductions to scientific presenta-
tions and referred disparagingly to the early paragraphs as mere "throat-
clearing." In appropriate respect, then, to his standards, let me say simply
that I feel at once both deeply honored and humble to have been selected to
deliver this lecture this year.
The work I wish to present this afternoon has to do with some observa-
tions in experimental magnesium depletion, and in this discussion I would
like to describe some of the structural and chemical alterations that were
noted, offer a partial interpretation for some of these, and then describe
some studies which have been directed toward a definition of the role of
magnesium in the activation of an enzyme system which may be intimately
linked with some of the observations noted in the magnesium deficiency
state. Let me acknowledge initially that these studies were accomplished in
collaboration with Dr. Robert Whang and Dr. James Richardson. In addi-
tion, we are indebted to Dr. Jean Oliver for his help; and finally, the studies
on the magnesium activation of erythrocyte ghost ATPase were done in the
laboratory of, and with the collaboration of, Dr. D. C. Tosteson of the
Department of Physiology and Pharmacology at Duke Medical Center.
The initial studies had the simple goal of a description of the alterations
one might note in experimental magnesium deficiency in the rat. The experi-
mental design1 consisted of pair-feeding rats by groups a diet free of sodium,
potassium, chloride, phosphorus, and magnesium. In addition, each animal
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received daily, by gavage, an appropriate electrolyte solution which varied
in the several experiments. However, the common denominator in each
study was that one group received magnesium by gavage and the other did
not. At the end of each experiment, the animals were anesthetized, they were
exsanguinated by the withdrawal of blood from the abdominal aorta, and
tissues were taken for chemical and histologic examination. In all of these
studies the estimates of calcium and magnesium were made with a Zeiss
flame photometer employing a double monochromator.'
In general, the magnesium-deficient animals appeared quite normal for
the first week or so, and then, at about the sixth to tenth day, they developed
hyperemia of the skin in varying intensity, which was noted most readily
in the ears. The cause of this hyperemia has not been elucidated; however, it
serves as a useful indicator in the course of one's experiments. After several
weeks, the deficient animals begin to look ill and startle easily, and, finally,
at about the fourth week, seizures may be provoked by sudden loud noises.
There were no differences in the weight gained between the experimental
and control groups of any of the paired studies we made. Although we will
return later to a more specific description and analysis of the chemical data,
let me review these alterations briefly at this time. The observations in
serum included hypomagnesemia, hypercalcemia, azotemia of modest pro-
portions, and, significantly, there were no alterations in the concentration of
potassium nor total CO2 content in the serum. The muscle data revealed a
decrease in magnesium content, a decrease in muscle potassium which was
small but nevertheless consistently significant. There were no differences in
calculated intracellular sodium content, nor in calcium content.
With these data in mind, let us examine some aspects of the structural
pathology of magnesium deficiency and concentrate our attention on the
renal lesion.8 There were no alterations appreciated on gross examination.
However, study by light microscopy revealed many calcific deposits. Figure
1 is a section from a kidney of a magnesium-deficient rat, and, for purposes
of orientation, there is superimposed a diagrammatic representation of a
nephron. It will be noted that there are calcific deposits and that these are
confined to the inner stripe of the outer zone. It should also be noted that in
this area of the kidney, one would expect the tubular structures to represent
limbs of the loop of Henle and collecting ducts only.
The nature of these calcific deposits is readily appreciated by examination
of some higher-power views of the lesion. Figure 2 is a rather typical early
lesion which represents an intralumenal microlith with a lamellar con-
figuration. At this stage it is noteworthy that there appears to be no altera-
tion of the tubular epithelium as such. This suggests that the primary lesion
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FIG. 1. A section of a kidney from a magnesium-depleted rat. Note that the calcifica-
tioii is in an area where the structures include limbs of the loops of Henle alnd
collecting ducts.
FIG. 2. An example of an intraluminal microlith. Note the lamellar structure.FIG. 3. FIG. 4.
FIG. 3. AI1 enilarged nlicrolitl which now imp)inges on the wvalls of the tubular
lunmenl.
FIG. 4. A microdissectioni which shIows a microlith in the broad ascenidinlg limbl of
the loop of Henile.
FIG. 5. A larger microlith in a microdissected specimeni. Note the distortioni of thle
tubular wall.Experimental magnesium depletion I WELT
is the deposition of calcium within the lumen, rather than any primary
architectural disturbance of the tubular epithelium per se. In Figure 3, one
observes a later stage of the lesion characterized by the accretion of several
microliths, and, by expansion, there is impingement on the neighboring
epithelial structures with secondary changes in architecture. By micro-
dissection,* these lesions are found to be confined to the broad ascending
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FIG. 6. The level of kidney calcium during the acute stage of magnesium deficiency
and following repletion.
limb of Henle's loop. Figure 4 shows a segment of this portion of a micro-
dissected nephron with an intralumenal microlith that corresponds to an
early stage; and, in Figure 5, one sees a significantly larger lesion with
disruption of the tubular wall. This latter lesion can be responsible for a
permanent alteration, and it is Dr. Oliver's view that lesions found else-
where in the tubule are consequences of destruction and obstruction at this
site rather than some more primary lesion due to magnesium deficiency. In
contrast to other reports,' we have never found alterations in proximal
convolutions.
* Microdissections were performed and interpreted by M. MacDowell and J. Oliver,
and the illustrations were prepared by them as well.
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If animals are exposed to one episode of magnesium depletion and are
then permitted to replete themselves by subsistence on a standard chow
dietary regimen, and one examines their kidneys six months or so later, one
finds a residual lesion. The localization and character of the lesion was quite
similar to that seen in the acute stage, except that there was a lessening in
the depth of the blue staining with hematoxylin. This suggested the possi-
bility that with magnesium repletion, the calcium deposit had gradually
been reduced, leaving behind the organic matrix in which the mineral had
previously resided. To test this suggestion, analyses of kidney tissue for
calcium were made at a time of magnesium deficiency and, in other groups,
after a period of repletion. Figure 6 describes these data. It will be noted
that there is a definite increase in kidney calcium content during acute
magnesium depletion, and, further, that this is no longer apparent at the
time of repletion.
The specific localization of the microliths to the broad ascending limb of
Henle's loop in magnesium depletion is emphasized when this renal lesion is
contrasted to other, more diffuse processes such as are seen with vitamin D
administration5 or phosphate loading.6 This is not to say that these latter
conditions are not associated with tubular calcification in the broad ascend-
ing limb, but rather to emphasize that the distribution of calcification is
rather diffuse in these circumstances, in contrast to the narrow localization
that obtains with magnesium depletion. The precise set of circumstances
responsible for the specific anatomic localization of microlith formation
remains to be elucidated. However, it should be pointed out that the loop
fluid may be expected to have a high concentration of calcium7 and a rela-
tively alkaline pH,8 and these factors may serve to facilitate the precipitation
of calcium. A low concentration of magnesium appears to favor precipitation
of calcium, and one wonders whether there may be some critical decrease
in the lumenal concentration of magnesium in this area in magnesium
deficiency. Micropuncture analyses might help shed light on this problem.
One more observation concerning the nephrocalcinosis of magnesium
deficiency deserves comment. Although, as alluded to earlier, there is a
minimal deficit of potassium in magnesium depletion despite adequate intake
of this cation, one finds no lesion in the kidney reminiscent of potassium
deficiency nephropathy. When, however, severe potassium depletion is
induced, coincidental with magnesium deficiency, one then sees the lesions
of kaliopenic nephropathy, and these are unaltered by the coexistent mag-
nesium deficiency. However, the nephrocalcinosis due to magnesium deple-
tion is markedly enhanced by the coexistent potassium deficit. The nature
of this relationship is obscure. It is worth pointing out, however, that there
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is a precedent for just such a relationship.6 We have found in the past, for
example, that rats can be fed a diet high in phosphorus such that the load is
insufficient by itself to induce proximal tubular calcification. Nevertheless,
if the same load is administered in the context of potassium depletion, there
is profound calcification in the proximal convolution. The reasons for this
are obscure, but there is the possibility that the relative alkaliuria and the
diminished excretion of citrate in potassium depletion may play a role in
the enhancement of this calcification.
TABLE 1. MEAN SERUM VALUES (STUDY 1)
Mg K Ca COS BUN
(mEq/L) (mEq/L) (mEq/L) (mEq/L) (mg/100 ml)
Control (9)* 1.85 3.8 5.01 20.7 24.5
Experimental (7) 0.64 3.8 5.44 21.2 32.9
* In this and subsequent tables, the number in parentheses indicates the number of
animals in each experiment.
TABLE 2. MUScLE DATA (STUDY 1)
K Total HsO Chloride space
mEq/100 gm FFDS* gm H20/100 gm FFDS
Control (9) 43.7 309.9 38.7
Experimental (7) 41.0 316.7 48.4
* FFDS = Fat-free dry solids.
I would like now to return to a more specific discussion of the chemical
alterations observed in the deficient state. The data from our first study may
be seen in Table 1. Here one sees a striking hypomagnesemia, a modest but
significant increase in calcium and urea nitrogen, and no difference in the
concentrations of potassium or the total CO2 content. The muscle data from
that experiment are presented in Table 2. The magnesium deficiency is not
reflected here, but it is in most studies. The most significant alteration is the
reduction of muscle potassium in the magnesium-deficient group. Although
not of great magnitude, it is, in fact, highly significant with a P value less
than .01.
The next study was designed to answer several questions raised by this
first experiment. First of all, we wanted to know whether one could avoid
potassium depletion in the magnesium-deficient state by increasing the
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quantity of potassium administered each day. To test this, we administered
4 mm of potassium per day, which is considerably more than is necessary
under ordinary circumstances. Secondly, we wanted to know whether the
loss of potassium from muscle in magnesium deficiency occurred by way of
the urine. To examine this, it was considered desirable to contrast the
potassium excretion in the two groups of animals on a potassium-free
TABLE 3. EXPERIMENTAL DES.IGN (STUDY 2)
High K+ No K+
Control Experimental Control Experimental
Electrolyte-free diet + + + +
K+ mEq/day 4 4 0 0
Mg++ mEq/day 1.4 0 1.4 0
TABLE 4. MEAN SERUM VALUES (STUDY 2)
Mg K Ca CO2 BUN
(mEq/L) (mEq/L) (mEq/L) (mEq/L) (mg/100 ml)
High K+ control (10) 1.99 4.3 4.90 19.3 13.6
High K+ experimental (10) 0.60 4.4 5.25 20.8 22.4
Low K+ control (7) 2.04 2.4 4.57 31.9 23.4
Low K+ experimental (7) 0.82 2.6 5.04 36.6 28.2
regimen that differed only in the fact that one group did and the other did
not receive magnesium. It was felt that the difference in excretion might be
so small as to be difficult to see when the intake was high, but readily
apparent when the intake was exceedingly low. Table 3 summarizes the
experimental design. There were two groups with a 4 millimolar intake of
potassium a day, with and without magnesium, and two groups with no
potassium intake, with and without magnesium. Table 4 summarizes the
serum data from this study. Again one sees the hypomagnesemia, the
hypercalcemia, and azotemia, and the lack of difference in serum values for
potassium and total CO2 content between the control and magnesium-
deficient groups. It should be emphasized that although the two groups that
did not receive potassium do indeed have hypokalemia, there is no difference
between them. Furthermore, although the total CO2 content is elevated in
each instance, these also are not significantly different one from the other.
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Table 5 describes the muscle data in these animals. The magnesium
contents are clearly lower in each deficient group, the loss of potassium is
still evident in the magnesium-depleted group receiving 4 mm of potassium
a day; and, although there is obvious muscle depletion of potassium in the
two groups that did not receive dietary potassium, it is clear that the
magnesium-deficient group is lower than the control. Thus, magnesium-
TABLE 5. MUSCLE DATA (STUDY 2)
K Total H5O Chloride space
mEq/100 gm FFDS* gm H20/100 gm FFDS
High K+ control (20) 44.4 324.6 40.7
High K+ experimental (20) 42.0 322.5 44.7
Low K+ control (7) 29.5 300.2 41.6
Low K+ experimental (7) 23.9 295.5 44.9
* FFDS = Fat-free dry solids.
TABLE 6. VITAMIN D-K+ DEPLETION STUDY
BUN K COs Ca Mg
(mg/100 ml) (mEq/L)
Control 19 4.9 22 4.8 1.35
Vitamin D adequate K+ 27.3 4.7 21.4 6.1 0.98
K+ depleted 20.4 3.6 27.1 4.8 1.53
Vitamin D K+ depleted 23.8 3.0 32.7 6.0 0.96
deficient animals sustain a loss of muscle potassium despite high levels of
intake, and the first question arising from the initial study is answered. The
second question had to do with whether the loss of potassium occurred by
way of the urine, and you will recall that it was elected to answer this by
examining the urinary excretion of potassium in control and magnesium-
deficient groups, neither of which was receiving any potassium. Figure 7
illustrates the daily urinary excretion of potassium in these two groups, and
it will readily be seen that the magnesium-deficient animal excreted more
potassium from the seventh day on.
There are many unanswered questions as to the cause of this increased
urinary excretion of potassium. For example, one can ask if it is due to the
hypomagnesemia or the hypercalcemia; is it due to a renal lesion such that
the tubular conservation of potassium is impaired; or, is it due to some con-
331YALE JOURNAL OF BIOLOGY AND MEDICINE
sequence of magnesium deficiency at the tissue cellular level, such that cells
are unable to sustain an appropriate potassium gradient owing to some
defect in one or more of the parameters of transport?
Dr. Epstein and his colleagues of this institution have pointed out in an
elegant study that the administration of vitamin D is accompanied by evi-
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FIG. 7. The daily urinary excretion of potassium in control and magnesium-deficient
rats, both of which are on potassium-free regimen. There is a significantly higher rate
of excretion in the magnesium-deficient group from day 7 on.
dence of increased urinary excretion of potassium.9 In their studies they
looked for, but did not find evidence for, hypomagnesemia. If this is so,
then one might readily be tempted to suggest that the increased urinary
potassium excretion should be ascribed to that which was common to both
experiments, namely, hypercalcemia. However, in contrast, we find that the
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administration of vitamin D promotes both hypercalcemia and hypomag-
nesemia. In a study done for entirely different purposes, namely, to see
whether potassium depletion would influence the renal lesion of vitamin D
intoxication, we found the data illustrated in Table 6. Most significantly,
one should note that both with and without adequate intake of potassium,
there was a hypomagnesemia as well as hypercalcemia in those groups
Influence of vitamin D on UKV
UVi 0.6
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FIG. 8. The influence of vitamin D or some consequence thereof on the excretion of
potassium in animals on a potassium-free regimen.
which received vitamin D. The urinary excretion of potassium was also
examined in the two groups which received no potassium. The excretion was
examined during a five-day period prior to, and a five-day period during,
administration of vitamin D. Figure 8 describes these data and it is noted
that, similar to the observations of Epstein and his colleagues,9 we also found
an increased urinary excretion of potassium.' However, it is difficult to
ascribe this to the hypercalcemia per se, since there was a coincidental hypo-
magnesemia. That the effects of hypercalcemia and hypomagnesemia may be
independent is suggested by the fact that in this instance the serum potas-
sium was lower in the vitamin-D treated potassium-depleted group. This
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datum suggests that the primary lesion of vitamin D administration may
well be due to a renal tubular disorder induced by the hypercalcemia
wherein potassium is wasted, and as a consequence one sees the hypo-
kalemia of potassium deficiency. Recall, in contrast, that the potassium
depletion of primary magnesium deficiency is unassociated with a difference
in the serum levels of potassium, a point to which I would like to return
later.
TABLE 7. MEAN SERUM VALUES
Total Urea
Ca Mg Na K CO2 Cl protein N
(mEq/L) (gm/100ml) (mg/100ml)
Control (14) 5.17 1.71 141 4.7 22.2 105 5.8 19.4
Vitamin D (15) 6.45 1.37 141 4.2 24.2 101 5.7 21.7
P value <.01 <.01 <.01 <.01 <05
TABLE 8. GASTROINTESTINAL LUMENAL MAGNESIUM CONTENT
iAEq. total
Prior to admin. of vit. D After admin. of vit. D
Control 150 Control 127
Vitamin D 118
For the moment, however, let me pursue the problem of the influence of
vitamin D and point out that the hypomagnesemia provoked by this vitamin
is not a consequence of a negative external balance.' In this next study, two
groups of animals were compared. Both were fed a diet adequate in all
respects except that there was no source of magnesium. The first phase of
the study lasted ten days, and the purpose of this was to set the stage for
minimal urinary and fecal excretion of magnesium, so that a difference due
to the administration of vitamin D could be detected. At the end of ten days,
nine randomly chosen animals were killed, and the contents of their
intestines from stomach to rectum were immediately removed and analyzed
for magnesium. The remaining experimental animals were then given five
consecutive daily subcutaneous injections of 100,000 units of vitamin D2 in
sesame oil. The control animals received injections of sesame oil alone. At
the end of the fifteenth day of the study, 24 hours after the fifth and last
series of injections, the animals were killed. Again the intestinal contents
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were examined for magnesium, and analyses were made as well on serum,
carcass, and muscle. First let us examine the serum data in Table 7. This
reveals that the vitamin-D treated group has significant hypercalcemia,
hypomagnesemia, and hypokalemia, confirming the previous observations.
Table 8 describes the gastrointestinal lumenal content of magnesium prior
to and at the end of vitamin D treatment. It will be noted that there is no
evidence of an influence of vitamin D on intestinal magnesium absorption in
this particular context. In Table 9, one sees the urinary and fecal excretion
TABLE 9. CUMULATIVE MAGNESIUM ExCRETIONS DURING ADMINISTRATION
OF VITAMIN D
/AEq. total
Urine Feces
Control (14) 80 355
Vitamin D (15) 98 348
TABLE 10. TOTAL CARCASS MAGNESIUM CONTENT (mEq.)
Control (14) 11.7
Vitamin D (15) 11.2
of magnesium in the control and vitamin-D treated groups during the last
five days of the experiment, and it is clear that there were no differences
between the two groups. Finally, it may be stated that the carcass analyses
revealed no differences in the total body content of magnesium (Table 10).
Both groups were low, owing to the lack of intake, but the values were not
different. Thus it is clear that the hypomagnesemia due to the administration
of vitamin D is different than that which accompanies dietary-induced mag-
nesium deficiency. In vitamin-D treated animals the hypomagnesemia is due,
presumably, to a redistribution of magnesium between serum and some
other compartment. This may reflect some consequence of vitamin D on
bone metabolism, or it may be, rather, a consequence of hypercalcemia and
competition for binding sites on serum proteins. An examination with
technics which will discriminate between total calcium and magnesium of
serum and the free fractions will be necessary before this problem can be
understood more clearly.
Still another problem is concerned with the nature of the hypercalcemia
which is so commonly seen in experimental magnesium deficiency. Mac-
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Intyre and his associates' have described a diminished urinary and fecal
excretion of calcium in magnesium depletion, and have ascribed the hyper-
calcemia to an increased positive balance owing to these renal influences of
the magnesium-deficient state. In an effort to examine this question a little
further, we have created an experimental design wherein it would be difficult
to influence calcium excretion to any significant extent.' The important
aspects of the experimental protocol may be seen in Table 11. There were
TABLE 11. INTAKE
mEq./100 gm. food
Group Ca++ Mg++
Control 17 3.3
No Ca++ 0.4 3.3
No Mg++ 17 0
Doubly deficient 0.4 0
TABLE 12. SERUM
Group Ca++ Mg++ Total protein
mEq/L gm/100 ml
Control 4.9 1.6 5.6
No Ca++ 2.8 1.8 5.9
No Mg++ 5.2 0.7 5.1
Doubly deficient 5.0 1.0 5.6
four groups of animals. One served as a control and received both calcium
and magnesium; another was given as little calcium as possible and will be
referred to as "no-cal"; a third received all nutriments in appropriate
amounts except for magnesium, and these will be referred to as "no-mag's";
and a fourth group received very little calcium and no magnesium and are
referred to as doubly deficient. It was believed that with these groups, one
could examine the necessity of a renal or intestinal role in the development
of the hypercalcemia of magnesium depletion. Table 12 describes the data
from the sera of these animals. It should first be noted that the two groups of
animals receiving magnesium had normal levels of this ion in serum,
whereas those on a magnesium-deficient regimen had the characteristic
hypomagnesemia; secondly, it should be noted that the no-cal group has a
striking hypocalcemia; thirdly, this is not true for the doubly-deficient
336
Volume 36, April, 1964Experimental magnesium depletion I WELT
group, in which the serum calcium does not differ from that of the controls;
and lastly, the group that was simply depleted of magnesium has hyper-
calcemia. Furthermore, the differences in serum levels of calcium cannot be
ascribed to any gross alteration in the concentrations of total proteins in
the serum.
In Table 13 it is clearly apparent that there is no significant difference
between the fecal and urinary calcium excretion in the two groups which
received no calcium, and finally, in Table 14, one notes no significant differ-
TABLE 13. TOTAL CUMULATIVE ExCRETION
Ca++ (mEq.) Mg++ (mEq.)
Group Feces Urine Feces Urine
No Ca++ 3.6 0.6 2.8 2.6
Doubly deficient 3.4 0.5 1.3 0.3
TABLE 14. TOTAL CARCASS VALUES (mEq.)
Group Ca++ Mg++
No Ca++ 53 6
Doubly deficient 57 4
ence in total carcass calcium content whereas there is a significant difference
in the total magnesium content of the carcass.
If one now examines the two groups that received calcium in the diet
(Table 15), it is seen that the magnesium-deficient group does have a lower
fecal excretion of calcium at a borderline level of significance, but there
is no such difference in the urinary calcium excretion. The carcass values in
these two groups (Table 16) also reveal a higher level of calcium of border-
line significance in the magnesium-depleted group. Thus one can state that
whereas magnesium deficiency appears to augment the absorption of calcium
from the gastrointestinal tract, there appears to be no influence on urinary
excretion, and, most importantly, a change in external balance is not a
necessary requisite for the higher level of calcium in the serum of
magnesium-deficient animals. In turn, this suggests either some redistribu-
tion between extracellular fluid and some other compartment (presumably
bone) as a result of some influence of magnesium deficiency on bone metabo-
lism, or some change in the affinity of protein-binding sites for calcium
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which in turn, of course, would effect a redistribution of this ion. These
possibilities, and the additional possibility that the hypercalcemia might
be due to functional hyperparathyroidism, are currently under investigation.
There is one additional reason that prompts one to suggest the possibility
that the magnesium-deficient state is characterized in part, at least, by func-
tional hyperparathyroidism, and that is that there is a significantly increased
urinary phosphate excretion in the magnesium-deficient animals. Although
we have never found differences in the serum levels of phosphorus, Mac-
TABLE 15. TOTAL CUMULATIE EXCRETION
Ca++ (mEq.) Mg++ (mEq.)
Group Feces Urine Feces Urine
Control 21.6 1.2 2.4 2.9
No Mg++ 17.5 1.3 1.0 0.4
TABLE 16. TOTAL CARCASS VALUES (mEq.)
Group Ca++ Mg++
Control 75 7
No Mg++ 95 4
Intyre,' in England, has in fact found hypophosphatemia in magnesium
deficiency. Figure 9 reveals the mean daily urinary phosphate excretion
amongst controls and magnesium-deficient animals, and it is quite clear that
there is a highly significant increase in urinary phosphate excretion in the
magnesium-deficient group. The ultimate significance of this observation
awaits clarification along with the problems alluded to earlier.
I would like now to return to the potassium depletion of magnesium
deficiency and point out again that it is unique in that it persists despite
large intakes ofpotassium, it is unassociated withhypokalemia and increased
total CO2 content, and is only rarely associated with an increase in the calcu-
lated intracellular sodium ofmuscle cells. Since there are structural changes
in the kidneys and clear evidence of an enhanced urinary excretion of
potassium, it is tempting to ascribe the depletion to a defect in the renal con-
servation of potassium. However, this is unsatisfying when one recalls that
in circumstances of potassium depletion that are a consequence of a primary
loss of potassium from the kidneys or bowel, the sequence of events is
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usually characterized by an extracellular deficit which is reflected statisti-
cally by some degree of hypokalemia followed by a loss of cellular stores.'
The consistent lack of difference in the level of potassium in the serum
between the control and magnesium-deficient groups suggests the alternative
hypothesis that magnesium deficiency may have an influence on the ability of
the cells to maintain an appropriate potassium gradient across the cell mem-
brane. The consequence of such a disability would be the loss of potassium
MEAN DAILY URINARY P EXCRETION
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FIG. 9. This demonstrates the large difference in daily urinary phosphate excretion
between the control and magnesium-deficient rats.
from the cells, and the kidneys would then excrete this ion in accordance
with those mechanisms that maintain the concentration of potassium in
extracellular fluid at a normal level.1 This hypothesis has additional attrac-
tive features in view of the demonstration in recent years that membrane
adenosine triphosphatase (ATPase) may be intimately involved in the
linked transport of sodium and potassium, and the fact that the activity of
this enzyme is dependent on magnesium."7l
For these reasons, it was decided to examine the influence of magnesium
on tissue potassium content in an in vitro preparation. For this purpose we
used the intact rat diaphragm technic,1' employing animals weighing 30 to
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60 grams. The bath unit was the tank of the Travenol twin-coil kidney, with
a capacity of 100 liters. (I think even Dr. Peters would have approved of
this particular use of the artificial kidney.) The large size of the bath insured
virtually no alteration in its composition over an 8-hour period, without
having to change the fluid. A lucite apparatus was made to suspend 24
TABLE 17. DIAPHRAGM MUSCLE
(mEq/100 gm dry solids)
K+ Na+ Mg++
Control bath
Mg++ 2 mEq/L
(6) 39.1 17.1 9.08
K+ 1 mEq/L
Experimental bath
Mg++ 0 mEq/L
(6) 36.6 20.3 8.00
K+ 1 mEq/L
TABLE 18. DIVALENT CATIONS IN ERYTHROCYTE GHOSTS
(mM/100 gm dry solids)
Mg++ Ca++
HK* 0.113 0.081
LK** 0.107 0.101
* HK refers to high-potassium erythrocytes of sheep.
** LK refers to low-potassium concentration in sheep erythrocytes.
diaphragms in the center well of the unit, and circulation of bathing fluid
was accomplished by using both the circulating and drain pumps. The fluid
was gassed with 95 per cent oxygen and 5 per cent carbon dioxide at rates
designed to maintain the pH in a very narrow range close to 7.40, and the
temperature was constant at 370 C. Diaphragms suspended in an appro-
priate medium do not change their composition over an 8-hour period. If,
now, one compares the influence of the presence or absence of magnesium
from the bathing fluid, both in the presence of 1 millimolar potassium, one
finds the data described in Table 17. Here one sees a loss of potassium,
a loss of magnesium, and a gain of sodium in those diaphragms which were
suspended in the bath devoid of magnesium. In contrast, the analyses of the
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diaphragms suspended in a bath identical with the magnesium-free bath
except for the presence of magnesium cannot be said to be different from
fresh, intact diaphragms. Thus it is clear that in this in zitro system, the
absence of magnesium promotes a loss of potassium from diaphragmn
muscle cells and, furthermore, from subsequent studies it can be stated that
the effect is notaugmented byproviding high bath concentrations of calcium.
These data are, then, compatible with the hypothesis that the potassium
ATP 2XICM
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FIG. 10. The influence of Mg++ on the activity of total and alkali-metal sensitive
ATPase at an ATP concentration of 2 x 10-1 M.
depletion of magnesium deficiency may well be some consequence of the
deficient state at the cell or cell membrane level. It is our intent to explore
this further by the examination of tissue levels of adenosine triphosphate
(ATP), ATPase activity, and the paramaters of transport in control and in
magnesium-deficient tissues.
A few years ago Skou,17 in Denmark, reported observations of a mem-
brane ATPase preparation in crab nerve. This enzyme appeared to have an
absolute requirement for magnesium, and, in addition, was activated by
sodium and potassium. Subsequently, Post"8 and his associates reported the
presence of this enzyme in human erythrocyte ghosts and still later, others
have reported such an enzyme in a variety of tissues. Its activation by the
alkali-metal ions and the fact that this activation by sodium and potassium
can be inhibited with cardiac glycosides have suggested very strongly by
inference that it may play an important role in one facet of the transduction
of energy for the linked active transport of sodium and potassium.
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The qualities that are possessed in common by the system for active
transport of sodium and potassium and the ATPase are as follows:
both systems are located in the membrane (as far as I know, this
enzyme system has not been isolated free from membrane particles);
both active transport and the enzymes specifically utilize ATP; each system
requires the simultaneous presence of sodium and potassium; the concentra-
tion for half-maximal activation by potassium ion in the presence of sodium,
and by sodium ion in the presence of potassium, are similar for transport
Each with Na++ K+
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FIG. 11. The influence of Mg++ on the total ATPase activity at three different levels
of ATP.
and activation of ATPase; the concentration for half-maximal inhibition by
cardiac glycoside is approximately the same for both systems. Thus, it is
clear why one might consider this magnesium-requiring enzyme in viewing
the problem of a cellular deficit of potassium that accompanies magnesium
depletion.
A study has been made of the nature of the activation of this enzyme
system by magnesium in collaboration with D. C. Tosteson. The material
used has been sheep erythrocyte ghosts prepared utilizing digitonin as the
hemolytic poison. The assay for the enzyme activity has been made in
reaction mixtures containing both sodium and potassium on the one hand,
and potassium only on the other. The differences in activity between these
two systems is referred to as the alkali-metal sensitive fraction, or, in the
current slang, it may be referred to as "pump" ATPase. The measurement
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of the hydrolysis of ATP has been made by noting the disappearance of
ATP. ATP was estimated utilizing the luciferin-luciferase system of firefly
tails and employing a flow detector and a liquid scintillation spectrometer
to record the scintillation produced in this system. The detection of the
activity by the measurement of the quantity of inorganic phosphorus released
would be most difficult at the substrate levels employed in these studies.
First of all, it may be stated that enzyme activity can be demonstrated in
a system to which no magnesium is added. However, this cannot be inter-
preted to mean that the activity is independent of magnesium, since analyses
of these ghosts reveal a small residual quantity of magnesium and calcium
that is apparently quite firmly bound. The magnitude of the magnesium and
calcium contents is expressed in Table 18, where it will be seen that there is
about 0.1 millimolar magnesium per 100 gm. of dry membrane solids. This
is the same in the red cell ghosts from high potassium (referred to as HIK)
and low potassium (referred to as LK) sheep red blood cells.'
The nature of the relationships between the magnesium content of the
medium and the degree of activation is illustrated in Figure 10. The top-
most line represents the activity in the presence of sodium and potassium,
and the bottom line is the representation of activity with potassium only.
The difference between these, that is, the alkali-metal sensitive ATPase, is
here referred to as "pump" ATPase. It is clear that there is some activity
when no magnesium is added and equally clear that the activity is enhanced
with the addition of magnesium; and that the peak activation with mag-
nesium is at a concentration somewhere between 10 molar and 10 3molar;
and, finally, that higher levels of magnesium actually inhibit. This particular
assay was made with a substrate concentration of 2 x 10 molar ATP.
Figure 11 again shows the influence of increasing concentrations of
magnesium on the activity of ATPase. This time, the influence of magne-
sium is demonstrated at three different levels of substrate concentration
which vary fiftyfold, from 2 x 10 6 molar to 104 molar ATP. In each
instance, despite the difference in ATP concentration, the peak activation
always occurs at the same point, namely at 10b molar magnesium.
In general, one can view the activation of this enzyme system by mag-
nesium as occurring in one of several alternative manners. First, the metal
could somehow influence the enzyme itself or some characteristic of the
membrane in which the enzyme resides, so that in some fashion it is now
better able to articulate with the ATP. An alternative hypothesis, and the
one most commonly accepted with this system, is that magnesium forms a
chelate with ATP, and that it is this magnesium-ATP-chelate complex
which is the favored substrate for the reaction. The experiment portrayed in
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Figure 11 casts some doubt on this latter possibility, since the peak concen-
tration of magnesium-ATP would not occur at the same level of magnesium
for a variety of concentrations of ATP that vary fiftyfold.
This question was examined a little further by providing reaction mix-
tures with different concentrations of magnesium and ATP such that the
calculated concentration of the magnesium-ATP complex would be the
same.' If magnesium-ATP were the favored substrate, then one might find
300
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FIG. 12. These four combinations of ATP and Mg++ should have provided the
same concentration of Mg-ATP chelate. Note that there are inconstant rates of
ATPase activity.
the same activity in each instance. The data from such an experiment are
provided in Figure 12, and it is readily seen that the activities vary con-
siderably despite the presumption of similar concentrations of Mg-ATP.
The top point is the activity in the presence of both sodium and potassium;
and the bottom point is the activity with a solution containing no sodium.
However, although similar enzyme activities would have supported the
favored substrate hypothesis, the fact that the activities were dissimilar
does not exclude this hypothesis since other factors might be operative to
influence the net enzyme activity.
It occurred to us' that it might be possible to evaluate this problem in
a slightly different fashion, namely to employ calcium in the reaction
mixture along with magnesium. Since calcium also forms a chelate with
ATP, one could find conditions where the concentration of magnesium
344
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ATP could be varied widely with constant levels of total magnesium and
total ATP. Figure 13 simply describes the influence of calcium on the total
and the alkali-metal sensitive ATPase in the absence of added magnesium.
It was obviously necessary at first to demonstrate that calcium itself could
be employed over a certain range without inhibiting or enhancing the
reaction. This seems to be clear in this instance except that at high levels of
calcium, inhibition is observed. Figure 14 describes the data with respect to
(Mg*4] - Noneadded
.40
E - N +K
"Pump' ATPase
/0 _
0 /OIM /05M /M0-3
[Ca++]
FIG. 13. The influence of Ca++ on the total and alkali-metal sensitive ATPase
in the absence of added Mg++.
ATPase activity with constant levels of ATP and magnesium, along with
varying concentrations of calcium. In the bottom curve, one sees again the
influence of calcium on the enzyme activity when no magnesium is added,
and it will be noted that from 0 to approximately 104 molar calcium, there
is neither inhibition nor activation and, hence, no demonstrable influence of
this divalent cation per se. It would appear neither to enhance nor diminish
activity by any action on the enzyme or in terms of forming a calcium-ATP
complex. When the curves for 106, 105, and 104 molar magnesium are
examined, it will be noted that whereas there is increasing activity with
increasing levels of magnesium, there is once again no influence of calcium
on the activity up to a level of 10 molar. Since the increased concentration
of calcium must diminish the concentration of magnesium-ATP to a greater
or lesser extent, these data again suggested that the concentration of
magnesium-ATP is not the factor which conditions the influence of mag-
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nesium. Figure 15 portrays the activity of ATPase where there are a series
of titrations with calcium which demonstrate wide variation in the calcu-
lated magnesium-ATP concentration. Here it may be seen that over a wide
range of magnesium-ATP concentrations, as calculated from the published
association constants,"' there appears to be no effect on ATPase activity.
Thus, it is our interpretation that one can exclude the hypothesis that
magnesium activates this system owing to the formation of a favored sub-
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FIG. 14. The influence of Ca++ on the total ATPase activity with different concen-
trations of Mg++.
strate such as the metal-chelate complex alluded to and that, in contrast, the
metal must somehow influence the enzyme in some more direct fashion.
The implications with respect to the enzyme activity within cell mem-
branes in vivo in the presence of variations in magnesium content are clear,
but whether in point of fact these alterations are operative remains to be
elucidated by appropriate experiments. Nevertheless, it would seem clear
that it would be profitable to extend the observations in magnesium deple-
tion in order to examine the levels of ATP in the tissues and the activity
of membrane-ATPase prepared from selected organ masses.
SUMMARY
In summary, we have presented a description of a renal lesion in mag-
nesium deficiency which is characterized by the deposition of calcium micro-
liths in the broad ascending limb of the loops of Henle which damage the
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tubular structures by pressure owing to accretion and increase in size.
A single episode of magnesium deficiency appears to leave behind some
residual damage. The implication of this with respect to ease of infection is
not clear. The striking chemical alterations, other than depressed levels of
serum and tissue magnesium, include hypercalcemia and tissue depletion of
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FIG. 15. This demonstrates little change in ATPase activity despite large changes
in the calculated concentrations of Mg-ATP chelate.
potassium. The nature of the hypercalcemia is obscure, but it seems clear
that an increased positive balance of calcium is not a necessary condition and
suggests some influence of magnesium deficiency on a redistribution of
calcium. This may be implemented in terms of changes in protein binding
for divalent cations. In some fashion, vitamin D intoxication per se, or the
hypercalcemia induced thereby, promotes a hypomagnesemia which may
also be independent of an alteration in external balance.
The potassium depletion of magnesium deficiency is unlike other states of
potassium deficit in that serum levels are not primarily depressed, and it has
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been suggested that the influence of magnesium on the loss of cell potassium
is a result of some change in the ability of the cell to sustain appropriate
gradients. This hypothesis is supported by the observations in vitro that, in
fact, rat diaphragms lose potassium when the bathing medium is devoid of
magnesium. The possible link between magnesium deficiency and a difficulty
in maintaining a cell to extracellular fluid potassium concentration gradient
may be related to the magnesium-dependent, alkali-metal sensitive mem-
brane ATPase. Studies have been described of the activation of this enzyme
system by magnesium, and evidence has been presented which suggests that
magnesium influences this system by an effect other than the formation of
a magnesium ATP chelate which then serves as the favored substrate.
The molecular pathology of magnesium deficiency is unknown, but the
paths that might be profitable to follow in its pursuit are implicit in what
has been described.
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